P atients with brain metastases are experiencing longer survival times because of earlier detection 36 and more effective treatment 30 of these lesions as well as improved therapies for extracranial disease.
are generally favored. Nevertheless, the efficacy of SRS is limited for larger tumors because of a significantly greater risk of failure and unacceptable CNS toxicity. According to the Radiation Therapy Oncology Group (RTOG) 90-05 trial, compared with treatment of tumors ≤ 2.0 cm in diameter, treatment of tumors measuring 2.1-3.0 cm is associated with a 7.3 times higher risk and treatment of 3.1-to 4.0-cm tumors with a 16.0 times higher risk of irreversible severe, life threatening, or fatal CNS toxicity. 49 Another disadvantage of further re-irradiation in the salvage setting is the limited lifetime tolerance of brain tissue to radiation, resulting in a cumulative risk of radionecrosis (RN). Indeed, even in the setting of newly diagnosed brain metastasis, the tradeoff to achieving a durable local control with either intraoperative I-125 or postoperative radiotherapy (SRS or WBRT) has been the high rates of RN. 5, 6, 13, 25, 39, 42, 47, 48, 59 A novel radioisotope, Cs-131, renders both physical and radiobiological advantages as compared with postoperative SRS or I-125 brachytherapy. Cs-131 has been shown to achieve excellent rates of local control and negligible rates of RN in a recently published prospective trial of newly diagnosed brain metastases. 55 In the present study, we evaluated this novel treatment approach with permanent intraoperative Cs-131 brachytherapy as salvage therapy for previously irradiated recurrent brain metastases.
Methods

Patient Selection
The records of patients who underwent surgery for previously irradiated recurrent brain metastases and were treated with intraoperative Cs-131between 2010 and 2015 were reviewed after institutional review board approval. Selection criteria for such treatment included a metastatic tumor with surgery indicated for diagnostic purposes, to relieve mass effect, reduce symptoms, or based on lesion size > 2.5 cm. Patients had Eastern Cooperative Oncology Group (ECOG)/Zubrod Performance Status 0, 1, or 2 and expected survival ≥ 6 months. Patients with tumor proximity to the optic chiasm or brainstem, small cell cancer histology metastatic to the brain, pregnancy, or unwillingness to practice a form of birth control were not selected for this treatment.
Treatment Technique
Patients underwent maximal safe neurosurgical resection of lesions. The extent of resection along with tumor size, location, and pial involvement were noted. At the time of resection, stranded Cs-131 seeds (IsoRay) with an activity of 3-5 mCi were implanted, with a planned dose of D 90 to receive 80 Gy to a 5-mm depth from the surface of the resection cavity. The therapeutic dose of the implant was calculated based on preoperative data on tumor size and our institutional physics nomogram, and it was adjusted in real time for the intracavitary volume after resection of the metastasis. The 10-cm suture-stranded Cs-131 seeds, with 0.5-cm interseed spacing, were delivered in strings of 10 seeds per string, cut into smaller lengths as per the nomogram, and placed as a permanent volume implant along the cavity in a tangential pattern to maintain 7-to 10-mm spacing between strands. Thus, the cavity was lined like "barrel staves" or "parallel tracks." The seeds were then covered with Surgicel (Ethicon) to prevent seed migration and alteration of dosimetry. Tisseel (Baxter) was then used to line the cavity to limit cavity shrinkage and to further prevent seed dislodgement. 54 The patient underwent a postimplant CT scan within 24-48 hours after surgery to determine dose distribution. The conformity index was calculated at that time according to Paddick's formula. 43 
Follow-Up
The duration of follow-up was defined by the number of months between implant and a patient's last follow-up visit, as determined by the patient's medical record. Follow-up examinations included MRI every 2 months. At the time of disease progression elsewhere in the brain, the metastases were treated with SRS or WBRT, depending on the number of lesions. RN was defined based on review of follow-up MRI for contrast enhancement and diffusion restriction by a neuroradiologist, and concerning scans were also reviewed by the treatment team.
End Points and Statistical Methods
The primary focus of this analysis was local resection cavity freedom from progression (FFP). Secondary analyses included regional FFP and distant FFP, median survival, overall survival (OS), and toxicity. Treatment response was evaluated from follow-up brain MR images as compared with the prior MR images. Local FFP was defined as the absence of new nodular contrast enhancement ≤ 5 mm from the resection cavity, regional failure was defined as new or increased contrast enhancement > 5 mm from the resection cavity, and distant failure was defined as new or increased contrast enhancement elsewhere in the brain. All survival end points were defined as the time from the date of resection and Cs-131 implantation until either the date of local recurrence (for local FFP), the date of regional recurrence (for regional FFP), the date of new metastasis (for distant FFP), or the date of death (for OS). Patients without these events were censored at their date of last follow-up. Kaplan-Meier survival analysis was performed to generate survival curves. Median and 1-year local FFP, regional FFP, distant FFP, and OS were estimated, and 95% confidence intervals (CIs) were calculated. All analyses were performed using SPSS version 23.0 (SPSS Inc.) and STATA version 14.0 (StataCorp).
Results
Patient Characteristics
Thirteen patients with 15 brain metastases were included in this study. Patient demographics and baseline characteristics are summarized in Table 1 . The treated brain metastases were located in the frontal (3), parietal (4), cerebellar (2), insular (1), occipital (2) , and temporal (3) regions. The histology from the metastases were lung (9), breast (1), melanoma (3), gastric (1), and pancreatic (1). The 6 patients who were classified as recursive partitioning analysis (RPA) Class 2 were all receiving systemic therapy for their primary disease and were offered WBRT for their brain metastasis, but all refused and wished to proceed with local therapy. Of the remaining 7 patients, who were classified as RPA Class 1, 5 patients were not being treated for primary disease because it was controlled, 1 was stable on trastuzumab therapy for breast cancer, and 1 received stereotactic body radiotherapy with clinical response for recurrent lung cancer 4 months before receiving brain brachytherapy.
Treatment Parameters
Details of the resections and Cs-131 implants are shown in Table 2 . Maximally safe neurosurgical resection and Cs-131 brachytherapy implantation was performed for all 15 lesions, and gross-total resection (defined as resection of contrast enhancing disease) was achieved for 14 lesions. The patient who underwent a subtotal resection received SRS of 24 Gy in 3 fractions to the residual tumor just posterior to the resection cavity 2 months after receiving brachytherapy. At the time of brachytherapy, 3 patients had additional metastases that were treated with SRS alone. Based on the preoperative MRI, the median diameter of the resected tumors was 2.9 cm (range 1.0-5.6 cm). Based on intraoperative measurements, the median volume of the cavity after tumor resection was 3.13 cm 
Survival
At the time of analysis, 4 patients were still alive, 3 with primary lung cancer and 1 with primary gastric cancer. The median duration of follow-up subsequent to salvage treatment was 5 months for the whole cohort (range 0.6-18 months). Five lesions were previously treated with both WBRT and SRS, and 10 lesions were previously treated with SRS. Among the 9 patients who died, there were 4 with primary lung cancer, 3 with melanoma, 1 with breast cancer, and 1 with pancreatic cancer. Five patients died of complications of their systemic disease. One patient died of infection, and 1 patient with a history of seizures had a seizure, aspirated, and died of pneumonia 2 weeks after surgery; the cause of death could not be determined for 2 patients. The median OS was 7 months from the date of salvage therapy (95% CI 4-14.8 months). The actuarial 1-year OS was 24.7% (95% CI 4.2%-54.0%) (Fig. 1, Table 3 ).
Freedom From Progression
There was 1 case of local recurrence within 5 mm of the resection cavity (in a patient with a frontal lobe lesion). This yielded a local recurrence 1-year FFP of 83.3% (95% CI 27.3%-97.5%). Two cases of regional recurrence yielded a 1-year regional FFP of 55.6% (95% CI 7.3%-87.6%). There were 3 patients with distant metastases, which yielded a median distant FFP of 11 months (95% CI 5 months, upper limit not estimated) and a 1-year distant FFP of 46.7% (95% CI 7.1%-80.3%) (Fig. 2, Table  3 ). Distant progression was treated with either WBRT or SRS, and 1 patient died before treatment.
Complications
Postoperatively, the patients were treated with 4 mg of dexamethasone twice a day for 2 weeks. There was 1 instance of asymptomatic T1 signal enhancement and elevated apparent diffusion coefficient (ADC) around the surgical cavity on FLAIR MRI 5 months after seed implantation that was classified as RN. Additional complications included 3 infections, 1 seizure, and 1 pseudomeningocele. Overall, 46% of patients experienced a complication.
Discussion
This study demonstrates that intraoperative brachytherapy with Cs-131 can be delivered as successful salvage therapy for recurrent brain metastases. While a seed activity of 2.4 U is generally used to treat newly diagnosed brain metastases, we used a lower median activity level of 2.25 U in the salvage setting to take into account previous irradiation and avoid complications associated with cumulative toxicity. However, our first patient was treated with 3.01 U activity per seed and developed mild asymptomatic RN, evident on MRI 5 months after surgery, and was treated with dexamethasone. ADC around the cavity in this patient was 1.43 mm 2 /sec compared with a contralateral white matter ADC of 0.84 mm 2 /sec. When he was lost to follow-up 7 months after surgery, his steroid dosage was being tapered and he remained asymptomatic. Learning from this experience, we lowered the seed activity, and thus later patients were treated with lower seed activity levels. We found that this approach avoided significant postoperative edema or RN and still provided excellent rates of local control.
Improved survival in patients with metastatic brain disease may be accompanied by more frequent local relapse requiring treatment and management of recurrent brain metastases. Salvage therapy options include resection alone or resection followed by adjuvant therapy (SRS or WBRT), repeat SRS, WBRT, and resection with intraoperative brachytherapy. In most cases, surgery alone has been shown to be insufficient as salvage treatment. Re-irradiation presents a tremendous challenge, as it raises legitimate concerns of exceeding tissue tolerance to radiation and inducing RN. 17, 23 WBRT, while reducing the rates of recurrence to 10%-20%, decreases quality of life (QOL) and produces neurocognitive deficits. 7, 10, 12, 15, 32, 40 For this reason, attention has been turned to using focal radiation in the form of SRS or brachytherapy in patients requiring salvage for brain metastases ( Table 4) .
The use of SRS as salvage therapy has been increasing, and several institutions have adopted this technique as a new standard of care. Crude local control rates range from 60%-87% 8, 22, 50, 51 with 1-year actuarial local control rates of 60%-91% at 1 year. 8, 33, 37, 41, 58 The ideal target for SRS is a small round cavity, and tumor cavities of irregular shape or larger size (> 2 cm) present a challenge in developing a treatment plan with a high degree of conformality. Indeed, it has been shown that larger tumor cavities treated with postoperative SRS have poor local control resulting from less conformal treatment plans. 9 Moreover, in patients irradiated with SRS, the volume of irradiated tissue is a clear predictor of symptomatic RN. 4, 40 For this reason, brachytherapy may have a role in treating large or irregularly shaped recurrent tumors. Our median tumor cavity diameter of 2.9 cm is significantly larger than median cavities reported in most SRS studies, and yet our local control rate is comparable. Furthermore, with no instances of symptomatic RN, brachytherapy with Cs-131 is superior when compared with the entire cohort in the above SRS studies. When examining those studies that provide outcomes and side effects data for tumors > 2 cm, the poorer rates of local control (91% vs 62% at 1 year 8 ) and higher rates of RN (1.6% vs 7% 37 ) in this cohort compared with smaller tumors makes the benefits of Cs-131 brachytherapy even more apparent.
Brachytherapy allows a high dose of radiation to be given to a localized area with a very steep dose fall-off, thus covering an irregular tumor bed but sparing adjacent normal brain tissue. 34, 38 A conformity index ≥ 0.8, as described by Paddick, is known to be associated with local failure on multivariate analysis in 1 study of patients treated with SRS. 56 The authors of that study hypothesize that these data support the rationale for surgery followed by radiotherapy delivered to the cavity for treatment of brain metastases. All of our patients had a conformity index below 0.8, although our 1 patient with local recurrence had a conformity index of 0.7.
Having a very steep dose fall-off is a feature that makes brachytherapy a rather attractive option in patients requir- ing salvage therapy, as it may avoid causing RN in a brain previously exposed to radiation. Brachytherapy is also more cost-effective than WBRT or SRS. 53 Furthermore, in those patients receiving surgery as initial salvage therapy, there is a radiobiological advantage to administering immediate radiotherapy so as to preclude cancer cell repopulation, which typically occurs at approximately 4 weeks after resection. Continuous dose rate radiation of brachytherapy at 0.3-3.5 Gy/hr inhibits mitosis and causes proliferating tumor cells to accumulate in G2, a radiosensitive phase of the cell cycle. 20 There is less radioresistance of hypoxic cells treated with brachytherapy due to impaired repair of sublethal damage under hypoxic conditions 35 and the opportunity for hypoxic cells to become re-oxygenated during the treatment. 20 Criticisms of brachytherapy have focused on the high rates of RN reported in some series where the modality was used to treat newly diagnosed metastases. These series involved a stereotactic biopsy followed by permanent high-dose implants 25 and treatment was performed for recurrent lesions refractory to WBRT 5, 48 or administered concurrent WBRT. 58 The use of brachytherapy for local control of newly resected metastases without WBRT has been reported more recently. In those series, RN was more common with the use of high-dose temporary brachytherapy, such as the Glia Site balloon, and was reported to occur at a rate of 23%. 47 In the continuous low-dose permanent brachytherapy setting, 0% rates of RN were shown by Bogart et al., who used I-125 seeds with activity 0.32-0.45 mCi and a cumulative dose of 80-160 Gy using a median of 13 seeds 6,46 but achieved a local control of only 80%. Huang et al. reported a 21% rate of RN in their newly diagnosed cohort using a median of 35 I-125 seeds, with a median activity of 0.30 mCi and median dose 800 Gy to the surface (200 Gy to a depth of 1 cm), yielding a reported local control of 92%. 25 These data indicate that a lower seed activity coupled with a lower prescription dose will decrease the rate of RN with only a minimal impact on local control. We carefully took into account the aforementioned information while designing treatment with Cs-131 so as to minimize the incidence of RN in this high-risk population. The lowered seed activity of Cs-131 and dose prescription in our study did not only achieve a high rate of local control but resulted in no occurrences of symptomatic RN, which compares favorably to published studies of salvage therapy for brain metastases (Table 4) . It should be noted that distinguishing RN from pseudoprogression or recurrence on imaging remains a challenge. Because ADC is inversely correlated with tumor cellularity, several studies have proposed using diffusion-weighted imaging techniques to address this problem, and we have used this approach in our current study in the absence of any cases requiring re-resection that would have allowed pathological differentiation. 9 The rationale behind employing Cs-131 instead of I-125 lies in several physical and radiobiological advantages of Cs-131. The high mean energy of Cs-131 of 29 keV allows fewer radioactive seeds to be implanted per given volume. Additionally, whereas I-125 has a dose rate of 0.069 Gy/ hr, Cs-131 has a higher dose rate of 0.342 Gy/hr. In essence, this means that after implantation with Cs-131, 90% of the dose is absorbed in 33 days, in contrast with only 32% of the dose absorption that occurs with I-125 in the same time period. This short half-life of 9.69 days (compared with 59.4 days for I-125) ensures a shorter average life of the radioactive seed. Should systemic therapy be started after seed implantation, the short half-life of Cs-131 limits the time during which the patient is exposed to both radiation and systemic therapy, thereby potentially minimizing overlap in treatment-related toxicities. Furthermore, because cavity shrinkage, a poorly understood process that progressively moves the seeds closer together over time, 3, 14, 29, 57 complicates the use of brachytherapy, a larger fraction of total dose delivered in the early period after surgery spares more normal tissue from exposure to radiation. Our group found a nonsignificant decrease in cavity volume in the 1st month after surgery, the period when the vast majority of Cs-131 dose is delivered. 54 An isotope with a longer half-life, such as I-125, would continue to deliver a significant dose longer after surgery, when the impact of changing cavity dynamics might be more significant.
We undertook several measures to decrease the degree of cavity shrinkage once the seeds were placed. The seeds were not placed individually but were attached by strings with tensile strength. These strings lined the cavity like barrel staves, maintaining a certain amount of outward pressure on the cavity to keep it from collapsing. Likewise, fibrin glue was placed over the seeds, not only to keep them from moving but to create additional outward pressure on the cavity to prevent cavity shrinkage. 54 Since the majority of the mass effect of the tumor bulk was relieved after the initial surgery, indicated by the 69.6% shrinkage in cavity volume prior to seed placement, the maintenance of a smaller residual volume during the treatment period did not compromise the surgical goal of relieving mass effect.
The success of intracavitary brachytherapy and the low rates of RN must be tempered by the increased rate of complications. Wound healing, infection, and seizure are not trivial issues in these patients and can impact their overall survival as well as their QOL. Our series included 3 patients with postoperative infections; however, their reoperations were not straightforward. The first patient had undergone 2 prior craniotomies and 2 prior radiation treatments and was HIV positive, with a CD4+ count of 413 shortly before surgery. The second patient had undergone 4 prior craniotomies and 6 prior radiation treatments, and the third had undergone 2 prior craniotomies and 2 prior radiation treatments. Hence, these were multiply recurrent tumors. There are very little data on the risk of infection in patients who are having their third or even fifth craniotomies with multiple radiation treatments in between, and, undoubtedly, the rates are higher than for patients undergoing their first or even second operations. Additionally, CD4+ counts below 500 have been reported to be independently associated with higher rates of surgical wound infections. 1 Nevertheless, in these patients, we recommend the following maneuvers to decrease the rate of postoperative infection. The bone and wound should be irrigated with Betadine and vancomycin powder before closure, in addition to standard antibiotic irrigation, and a plastic surgeon should assist with wound closure. 2, 19, 45 These risks must be balanced with the impact of treatment on survival and progression-free survival, and open conversations with patients are essential for choosing the best treatment on an individual basis.
Limitations
In this analysis, we report results of the initial 15 recurrent metastases. More substantial numbers of patients from other institutions treated in a similar manner will be required to make more definitive conclusions. Also, a prospective trial for Cs-131 brachytherapy in the salvage setting is indicated. Finally, formal objective measures of QOL and cognitive processing as well as cost will help in comparing Cs-131 brachytherapy with other treatment options.
Conclusions
This is the first report of patients with recurrent and previously irradiated brain metastases treated with maximally safe neurosurgical resection and re-irradiation with intraoperative application of Cs-131. To date, this method of brachytherapy, based on our institutional nomogram and surgical technique, has rendered excellent local control and a low toxicity profile. 
